A replication system and method for fabricating volume hologram arrays is reviewed in this paper. The replication system can be used to fabricate high-efficiency transmission volume holographic lens arrays that are well-suited for spectrum-splitting photovoltaic applications. As in the well-known contact-copy replication technique, the new technique uses a master hologram to generate the desired holographic exposure, however no contact is required with the copy hologram. The object and reference beams for the holographic exposure are generated by discrete "coupling elements" on the master hologram and coupled through a prism to form an interference pattern on the copy hologram. The system can be implemented using relatively inexpensive lab equipment, but also has potential for large-scale production of holographic elements. A prototype system was developed and used to fabricate an experimental holographic lens array with a large aperture (9.6cm X 6cm) and high median diffraction efficiency (95.6%).
INTRODUCTION
Spectrum-splitting photovoltaic systems (SSPV) have potential for high energy yield and overcome some of the problems faced by concentration PV systems based on series-connected multijunction cells. In theory, SSPV systems can achieve higher efficiency 1 and better performance under variable illumination 2 than series-connected multijunction PV systems. Many potential designs reported in literature also have practical system advantages in form factor, diffuse energy collection, and tracking system requirements.
SSPV systems attain high efficiency by using optical elements to divide the solar spectrum into spectral bands and direct each spectral band to a set of PV cells with different bandgap energies. Volume Holographic Optical Elements (VHOE) are a promising optical element for use in spectral division, due to their ability to diffract efficiently in a single order and to focus light and for their inexpensive material costs 3 . One implementation of VHOE's in SSPV systems uses Volume Holographic Lenses 4, 5 (VHL) and is notable for conversion efficiencies greater than 30%, module thickness less than 2.5cm, and ability to convert diffuse sunlight. Although not included in the power conversion efficiency metric, the ability to convert diffuse sunlight is valuable because it accounts for more than 20-50% of total solar energy in most regions of the United States 6 . The VHL-PV system is depicted in Fig. 1 and uses a set of two PV cells with different bandgap energies. The cells are configured in rectangular strips and light is focused and dispersed onto the PV cells. Sunlight at the bandgap wavelength of the higher energy bandgap is focused to the junction of the two cells. The longer wavelength light is dispersed to the low energy bandgap while the shorter wavelengths are dispersed to the higher energy bandgap cell. A key challenge for SSPV systems is manufacturing of VHOEs at an industrial scale. VHOEs for PV applications must have very high diffraction efficiency (80-90%) to achieve high PV power conversion efficiency and justify the additional cost and complexity of including the VHOE. In addition, some SSPV systems like the VHL-PV system require spatially-variant VHOEs, which are difficult to manufacture at a high volume with prior replication techniques.
A few replication systems for manufacture of VHOEs have been presented in literature [7] [8] [9] [10] [11] . Although each system has unique aspects, they are all based on variations of the well-known contact copy technique. In the contact-copy technique, a master hologram is placed in close contact with a copy hologram. Light incident on the master hologram is diffracted with 50% efficiency and interferes with the transmitted portion of the beam 12 . The resulting interference pattern produces a copy of the master hologram in the copy hologram. Many aspects of replication systems based on contact copy are not ideal and have problems with speed, yield, alignment, and complexity.
In this paper, we review a new "prism-coupled" replication technique 13 that is unique from the contact-copy method. Although the system uses a master hologram like the contact-copy technique, direct contact is not required with the copy hologram and the system does not require a mask since the limiting aperture is recorded in the master hologram. The resulting replication system is simple and easy to align. The technique is well-suited for spatially varying object and reference beams, which makes it useful for fabricating VHL arrays. After describing the technique, a prototype replication system is presented, and a holographic lens array is reported with large dimensions (9.6cm X 6cm), high median peak diffraction efficiency (95.6%), and low variation in peak diffraction efficiency (+/-0.8%).
REPLICATION SYSTEM
In this section we describe how the new prism-coupled replication technique is used to form volume hologram arrays and then we describe a technique to fabricate the master VHOE.
Method for copying holograms
The process used to generate the holographic exposure for forming hologram array elements is depicted in Fig. 2 . The reference and object beams are generated using a "reference beam coupling element" and an "object beam coupling element" that are located in different regions of the master VHOE. The master VHOE is in optical contact with the prism and the diffracted beams from the coupling elements are transmitted through the long face of the prism to overlap on the surface of the copy VHOE. Light that is not diffracted is reflected on the long face of the prism by total internal reflection and filtered from the system. The copy VHOE is aligned parallel to the long face of the prism and is separated by the working distance 'z 0 '. An array can be formed using a 'step and repeat' method where the copy VHOE stage is laterally translated in between a sequence of exposures as illustrated in Fig. 3 . 
Method for fabricating master VHOE
The master VHOE is fabricated by forming each coupling element in sequence. The recording geometry depicted in Fig. 4a is similar to the one used to fabricate the copy VHOE. An aperture with the desired dimensions of the array elements is positioned at a distance 'z 0 ' from the prism. The unexposed master VHOE is placed in optical contact with one of the prism faces and an absorber. The reference beam coupling element is formed by illuminating the aperture with the conjugate reference beam which refracts through the bottom face of the prism and propagates to the master VHOE. Another prism face is illuminated with a "master reference beam" that reflects off the long face of the prism by total internal refection and impinges upon the master VHOE. This beam is limited by an adjustable window to the region where the conjugate reference beam is incident on the master VHOE. After making the exposure to form the reference beam coupling element, the object beam coupling element is formed in a similar manner as shown in Fig. 4b . The master VHOE is illuminated with the conjugate object beam and the adjustable window is altered to limit the master reference beam to the region of the object beam coupling element. After making both exposures, the master VHOE is processed and then used to copy hologram array elements. 
DESIGN PROCEDURE
Values for the working distance 'z 0 ', aperture offset 'x 0 ', and prism face length 'l' are determined based on the hologram construction parameters 'θ 1 ' and 'θ 2 ' and cylindrical lens position 'd'. These parameters are depicted in Fig. 5 and are determined using the following design procedure. In this procedure, we assume the reference beam is planar and the object beam is cylindrical. This assumption is made to tailor the procedure for the VHL-PV system application, although it can easily be modified for other applications.
A. Determine desired beam angles, lens position, and aperture dimensions. The reference and object beam angles 'θ 1 ' and 'θ 2 ' and cylindrical lens position 'd' are determined based on the desired diffraction properties for the resulting hologram and for the VHL-PV application can be determined using the technique described in references 4, 5 . The aperture dimension 'w 0 ' is set equal to the desired aperture of the resulting hologram array element. B. Determine working distance, offset, and prism face length. Allowable values for the working distance 'z 0 ', aperture offset 'x 0 ', and prism face length 'l' are determined based on a 'non-overlap' condition which requires that the coupling elements on the master VHOE do not overlap or lie outside the dimensions of the prism face. These values are freely adjustable within a range that satisfies the non-overlap condition and are dependent on the values determined in step 'A'. It can be determined whether this condition is satisfied either through experimentation or through a ray-tracing simulation. C. Determine optimal exposure energies for the master VHOE and the copy VHOE. Exposure energies for the coupling elements 'E r ' and 'E o ' and array elements 'E c ' should be optimized independently of each other since each grating will have different spatial frequencies. They are determined by exposing trial holograms with a range of exposure energies and selecting the values that result in the highest diffraction efficiency. 
EXPERIMENTAL VALIDATION
A prototype system was assembled using both commercial optical components and 3D printed parts designed in Solidworks to demonstrate the replication concept. The copy VHOE was mounted on two sets of motor controlled track stages for 2D lateral translation as shown in Fig. 6a . The stages were controlled using a Matlab script to provide the step-and-repeat procedure. The assembly for the master VHOE fabrication is shown in Fig. 6b . A holographic lens array was fabricated using the prototype system. The holographic material was Covestro Bayfol HX 14 and the replication system parameters were determined using the design procedure described earlier and the resulting values are listed in Table 1 . A total of 36 hologram array elements were recorded in the copy VHOE for total dimensions of 9.6cm X 6cm. The diffraction efficiency of each holographic lens was determined by measuring the spectral transmittance and assuming that all light that was not transmitted was diffracted in to the first order. Fresnel reflections and material absorption were accounted for by normalizing the transmittance curve to a portion of the photopolymer and substrate where no hologram was recorded. Each holographic lens had high diffraction efficiency and the median peak diffraction efficiency was 95.6% with a variability of 0.8%. The spectral diffraction efficiency curves are presented in Fig. 7 and pictures of the holographic lens array are shown in Fig. 8 . 
CONCLUSION
In this paper we review a new replication system and method for fabricating hologram arrays. The method has advantages over the well-known contact copy based replication technique that make it well suited for manufacturing high-efficiency holographic lens arrays for spectrum-splitting photovoltaic systems. The system uses reference and object beam coupling elements in a master hologram to generate the holographic exposure for individual hologram array elements. The master hologram is in optical contact with a prism and the diffracted beams from the coupling elements are transmitted through the prism and overlap in the plane where the copy hologram is located. Light that is not diffracted by the master hologram is filtered by the prism through total internal reflection. A method for fabricating the master hologram and for determining the relevant system parameters is also reviewed. A prototype system was fabricated and used to make a high diffraction efficiency (95.6%) holographic lens array with dimensions (9.6cm X 6cm). The system can be implemented with inexpensive laboratory equipment, but also has potential for large-volume manufacturing of holographic elements for a variety of applications.
